Introduction
To our knowledge, liver transplantation is one of the most effective therapeutic options for patients with certain acute and chronic end-stage liver diseases, such as acute liver failure, hepatocellular carcinoma, hepatolenticular degeneration, severe hepatitis, and decompensated cirrhosis. The steady increase in the number of liver transplant recipients means hospitals are treating more immunocompromised patients; this can be associated with increased infection-related morbidity and mortality and higher hospital care costs. [1] [2] [3] Fungal infections are well-recognized, lifethreatening complications of liver transplantation. Delayed diagnosis of fungal infections is a major complicating factor. Symptoms are not specific, and even patients with disseminated disease with multiple organ involvement might not present with organ-specific changes or clinical signs.
Fungal infections can be the major factor associated with a poor prognosis in liver transplant recipients. Prior studies have shown that between 5% and 42% of liver transplant patients develop at least one fungal infection after transplantation. Candida species are the most common, followed by Aspergillus species. The mortality associated with these infections ranges from 25% to 69%; however, Aspergillus-associated mortality has been found to approach 100% if untreated. [4] [5] [6] [7] [8] Given the high incidence and mortality rate of fungal infections after liver transplantation, the identification of risk factors and antifungal prophylactic agents is necessary and urgent. Although most fungal infections are caused by Candida spp, infections by Aspergillus spp have increased significantly in recent years and are associated with poor outcomes. 7, 9 Numerous welldefined risk factors associated with fungal infections, especially invasive fungal infections (IFIs), have been documented in numerous studies and include renal insufficiency (particularly when dialysis is indicated), rejection treatment, cytomegalovirus (CMV) viremia or disease, acute hepatic insufficiency, early graft failure, lengthy operation time, retransplantation, prolonged preoperative hospitalization (particularly in the intensive care unit (ICU)), preoperative use of broad-spectrum antibiotics, substantial intraoperative infusions of cellular blood products, fungal colonization, and re-exploration after transplantation.
Improved surgical techniques and immunosuppressive regimens have reduced mechanical complications and rejection episodes in liver transplant recipients; however, as many as 42% of liver transplant recipients still develop IFIs. The mortality associated with these infections can reach 100%, especially in cases of invasive aspergillosis. 6, 10, 20, 21 Fungal infections most frequently affect the lung and urinary tract. Candida species, especially Candida albicans, account for the majority of all fungal infections, followed by Aspergillus species, Cryptococcus neoformans, 8, 18, 20 other molds, and Histoplasma capsulatum. 22 Fung found fungal infections in 55 (6.6%) of 834 adults who underwent OLT between 1989 and 1992: 65% had Candida, 16% had Aspergillus, 16% had Cryptococcus, and 2% had phaeohyphomycetes. The mortality for these infections was 54.5%. 23 As surgical methods and techniques have become increasingly sophisticated and postoperative care has improved, the incidence of fungal infections has significantly decreased. 3, 17, 23 Advances in immunosuppressive management have reduced the use of corticosteroids or have even eliminated their use, 17 increasing the risk of opportunistic infections. However, IFIs after liver transplantation have been associated with adverse outcomes, with reported mortality rates as high as 92-100% for invasive aspergillosis and 70% for invasive candidiasis. 6, 20, 21, 24 A recent meta-analysis showed that C. albicans infections account for the majority of fungal infections, and antifungal prophylaxis has a beneficial effect on total fungal infections but not on overall mortality. However, patients receiving prophylaxis experienced a higher proportion of non-C. albicans infections, so the selection of triazole-resistant Candida strains is of concern and needs to be carefully addressed in future trials. 20 Ultimately, determining the risk factors for IFIs and preemptive use of prophylactic antifungal agents should be priorities, because these efforts might improve the survival rate and prognosis of liver transplant recipients. Earlier studies reported that fungal infections in liver transplant recipients occurred predominantly in the early post-transplantation period. 5 18 This shift has important implications for the selection and timing of approaches to prevent invasive aspergillosis. 21 
Risk factors for fungal infections
The identification of specific risk factors that predispose liver transplant recipients to fungal infections is of critical importance. This information would facilitate the selective targeting of certain patients for specific preventive treatments, thus reducing the incidence of fungal infections and their associated mortality and health care burden. The potent immunosuppressive agents used to prevent transplant rejection usually have adverse effects on the host's defenses; they impair cell-mediated immunity, thereby increasing a patient's susceptibility to opportunistic fungal infections. 5 Therefore, the incidence of IFI is strongly influenced by the patient's clinical condition, level of immunosuppression, surgical factors, and the technical complexity of the surgery. 4 Many studies have identified a number of risk factors associated with IFIs in liver transplant recipients. In a study of 152 transplant recipients, Briegel et al. identified two independent significant risk factors for systemic fungal infections: the amount of fresh-frozen plasma transfused due to poor initial allograft function, and acute renal failure requiring hemofiltration or hemodialysis. 10 The likelihood of IFIs increased markedly in transplant recipients with two or more risk factors. Rosenhagen et al. studied the risk factors for invasive aspergillosis and found retransplantation, CMV infection, dialysis, renal insufficiency, thrombocytopenia, and leukocytopenia to be significant factors in the univariate analysis; multivariate analysis revealed an independent influence of CMV infection and dialysis. 2 Many investigators have reported other risk factors, including prolonged operation time, a lengthy stay in the ICU, rejection treatment, fulminant hepatic failure, the need for a transfusion of cellular blood products, preoperative use of broadspectrum antibiotics, early graft failure, fungal colonization, and re-exploration after transplantation. [13] [14] [15] [16] 18, 19, 26 These risk factors should be considered before antifungal prophylaxis is contemplated. Risk factors for IFIs in liver transplant recipients are summarized in Table 1 .
Diagnosis of fungal infections
The diagnosis of any infection relies on recognizing indicative symptoms and signs and the laboratory isolation of the pathogenic microorganisms. However, the early diagnosis of IFI is difficult, and patients who require prophylaxis are often undiagnosed until it is too late because symptoms are often few and subtle, and signs are not specific. Moreover, laboratory isolation of fungal pathogens is difficult because some contaminating fungi may originate from the environment in the absence of disease and because other pathogens grow very slowly. Therefore, there is substantial debate among clinicians about the optimal diagnostic criteria for these infections. The identification of factors that place liver transplant recipients at risk for IFIs should improve the diagnosis of infection and the identification of patients who may benefit from antifungal prophylaxis. So far, the ideal diagnostic assay for fungal infections in liver transplant patients has not been defined because it can be affected by many factors. Pathogens are often cultured from non-sterile sites, which affect the diagnosis. Generally, the diagnosis is made with the use of high-resolution computed tomography (CT). Invasive pulmonary aspergillosis, for example, will manifest early as a nodular opacity with surrounding attenuation, or 'halo sign'. 28 In late invasive aspergillosis, nodular lesions, diffuse pulmonary infiltrates, consolidation, or ground-glass opacities can be observed. Notably, Aspergillus infections disseminate beyond the lungs in approximately 50-60% of liver transplant recipients. 9 Along with developments in immunology and molecular biology, new laboratory methods for detecting IFIs have also been established. Several molecules can be used as markers of Aspergillus infection, and two are of special interest: Aspergillus galactomannan (GM) and (1!3)-b-glucan (BG). The GM test is an enzyme-linked immunosorbent assay (ELISA) that detects galactomannan, an antigen released from Aspergillus hyphae upon host tissue invasion. The test's sensitivity ranges from 30% to 100%, with a specificity of approximately 85%. [28] [29] [30] [31] However, because its sensitivity is decreased in patients receiving mold-active drugs, false-positive results are a major drawback of this test; therefore, its utility for prophylaxis has not been determined. BG, a main cell wall polysaccharide component of Aspergillus, 32 can be colorimetrically detected and is useful in diagnosis, with a sensitivity ranging from 50% to 87.5%. This component is specific for fungi other than zygomycetes and cryptococci; however, false-positive results are also a problem. GM and BG detection are useful for diagnosing invasive aspergillosis in high-risk patients after liver transplantation; moreover, a combination of the two tests can be useful for identifying false-positive reactions. 28, 33 Because universal fungal PCR primers that enable the detection of a broad range of fungi have been identified, the specific Aspergillus PCR assay has also been used to diagnose invasive aspergillosis with very good outcomes (100% sensitivity and 89% specificity). Quantitative real-time PCR for diagnosing invasive aspergillosis has shown sensitivity and specificity values of 67% and 100%, respectively, and can be used to monitor the fungal response to infection management. 28 Full advantage of this type of early laboratory diagnostic information should be taken for liver transplant recipients.
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Antifungal prophylaxis
Prevention and management of IFIs in the immunocompromised patient has proven remarkably challenging. The number of antifungal agents has increased substantially in the past decades. The most commonly used are the triazole antifungals (e.g., fluconazole, itraconazole, and voriconazole) and the polyene antifungals (e.g., conventional amphotericin B and amphotericin B lipid complex). Triazole antifungals can lead to ergosterol depletion and the accumulation of aberrant sterols in the cell membrane by inhibiting the C-14 demethylation of lanosterol. Polyene antifungals achieve fungicidal activity by binding to ergosterol and disrupting the fungal cell membrane. Recently, a new family of antifungal agents, the echinocandins, has become available. Caspofungin and micafungin were approved for use in 2001 and 2005, respectively. These compounds inhibit the integrity of fungal cell walls by interfering with (1!3)-b-glucan synthase. 17 Typically, attempts to prevent fungal infections have used both universal and preemptive prophylactic strategies. The use of selective digestive decontamination regimens, including nystatin, clotrimazole, and oral amphotericin B, could be used to maintain healthy anaerobic flora while neutralizing the overgrowth of Candida. Unfortunately, many trials of selective digestive decontamination for liver transplant recipients have failed to report the extremely low incidence of fungal infections, and none of the trials targeted only high-risk patients. [34] [35] [36] [37] Consequently, the clinical effectiveness of selective digestive decontamination in reducing systemic Candida infections remains unknown. 4, 26 Fluconazole and other triazoles are routine prophylaxis in some transplant centers, while the amphotericin B formulation is used in others. Given the potential of antifungal agents, the emerging threat of drug resistance and the increased costs, preemptive or targeted antifungal prophylaxis should be reserved for patients with an obvious increased risk of IFIs. 17 Prime candidates for antifungal prophylaxis might include transplant recipients whose surgery was especially complicated, those who received multiple blood transfusion products, those affected by renal failure or who required dialysis, and those infected with CMV. Antifungal prophylaxis use has reportedly reduced the incidence of IFIs in liver transplant recipients. A recent randomized, double-blind, placebo-controlled trial was performed in 71 consecutive liver transplant recipients who received either itraconazole (5.0 mg/kg orally preoperatively and 2.5 mg/kg orally twice a day postoperatively) or a placebo. They found a reduced proportion of patients with IFI in the itraconazole group (4% and 24%, respectively). 38 Another randomized trial of 232 high-risk liver transplant recipients who either received prophylactic amphotericin B or no prophylaxis found an increased incidence of fungal infections in those without prophylaxis, which was associated with increased overall hospital costs. 1 In addition, to evaluate the effectiveness of targeted antifungal prophylaxis, Singhal et al. administered 1 to 5 mg/kg doses of amphotericin B lipid complex to 30 high-risk transplant recipients. They showed no proven IFIs. Amphotericin B lipid complex appears to prevent IFIs and is well tolerated.
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Although antifungal prophylaxis has reduced the incidence of fungal infections, some studies have shown no improvement in overall mortality. 20, 40 Winston et al. showed that prophylactic fluconazole (40 mg/day for 10 weeks after transplantation) decreased fungal colonization and prevented IFIs in a double-blind, placebo-controlled trial with 212 liver transplant recipients, but it did not improve overall survival. 41 Another randomized trial with 188 transplant recipients who received either oral itraconazole solution (200 mg every 12 h) or intravenous/oral fluconazole (400 mg every 24 h) found a similar incidence of proven IFI (7% and 3%, respectively) and no significant difference in mortality. 42 Similarly, Cruciani et al. performed a meta-analysis and determined that the beneficial effect of antifungal prophylaxis was associated with a reduction in Candida infections, and with mortality attributable to C. albicans in liver transplant recipients, but not with overall mortality. 20 Fortunately, a recent multicenter, non-comparative, open-label trial evaluated the prophylactic use of caspofungin (50 mg/day) for !21 days in 71 adult liver transplant recipients at high-risk of developing IFIs. In the modified intention-to-treat analysis, a successful treatment outcome was obtained in 88.7% of patients. 43 Although antifungal prophylaxis for liver transplant recipients remains complex and controversial, many studies indicate that universal prophylaxis for liver transplant recipients (fluconazole in doses of at least 400 mg/day for more than 4 weeks) results in a clear but limited reduction in proven IFIs, but has no effect on overall mortality. Moreover, prophylaxis has been shown to lead to a significantly higher proportion of non-C. albicans infection and an increased potential for antifungal drug resistance, drug interactions, and drug-associated toxicity. 4, 20, 44 Given the present research evidence, preemptive or targeted antifungal prophylaxis should be offered promptly to high-risk patients (e.g., those with acute liver failure, complicated transplant surgery, or dialysis), and an appropriate antifungal agent should be selected according to the patient's condition. Recommendations regarding IFI prevention are outlined in Table 2 .
Candida infection
Candidiasis is the most common fungal infection in liver transplant patients and accounts for more than 50% of IFIs. 6, 8, 13, 24 C. albicans is the most frequently isolated species, followed by Candida glabrata and Candida tropicalis. 6, 14, 15, 26 Candida is a known colonizer of the human gastrointestinal tract. Candida infection may arise after liver transplantation because conditions that support supercolonization or Candida overgrowth in the gut could promote the translocation of fungus to the extraluminal areas, resulting in subsequent intra-abdominal infections and further dissemination. Candida infections usually present as intraabdominal abscesses, recurrent cholangitis due to biliary strictures, and peritonitis, all of which may be accompanied by fungemia. 15, 17, 26 Husain et al. found that the risk factors for invasive candidiasis include the use of antibiotics to prevent spontaneous bacterial peritonitis, post-transplantation dialysis, and retransplantation. 24 Other risk factors include lengthy and complicated transplantation surgery, intraoperative transfusion, 3 antibiotic use, prolonged hospitalization (especially in the ICU), repeated intra-abdominal surgery after transplantation, Candida colonization, and CMV disease. 26 Selective digestive decontamination with non-absorbable antibiotics, including nystatin, clotrimazole, and oral amphotericin B, can maintain anaerobic bacterial growth and reduce overgrowth of Candida. The clinical effectiveness of this technique, however, remains unknown. 4, 26 At present, fluconazole is the most commonly used antifungal agent. The majority of studies have shown that antifungal prophylaxis clearly reduces fungal colonization, the overall incidence of proven fungal infections, and mortality attributable to fungal infection. 4, 6, 17, 20, 45 Growing evidence shows that fluconazole plays an important role in shifting infections toward non-C. albicans species. 20, 46, 47 A randomized, controlled study demonstrated that lipid-associated amphotericin B, when administered in the first 5 days after liver transplantation at a dose of 1 mg/kg, was also effective in reducing Candida infections during the first months after transplantation; 48 however, the value of preemptive treatment remains to be proven. 26 The current Infectious Diseases Society of America (IDSA) guidelines for managing candidiasis also recommend that only patients with two or more key risk factors (retransplantation, preoperative creatinine >2.0 mg/dl, choledochojejunostomy, intraoperative requirement of !40 units of blood products, prolonged intraoperative time, and fungal colonization at least 2 days prior to and 3 days after transplantation) be considered for antifungal prophylaxis. 49 CMV disease is a clear risk factor for all types of IFIs, and effective prophylaxis of patients at high risk for CMV disease, such as those who are CMV D+/RÀ (donor positive, recipient negative), has been shown to significantly decrease the incidence of invasive Candida infection in the absence of specific anti-Candida prophylaxis. 50 
Aspergillus infection
Aspergillus spp are the second most common fungal pathogens responsible for infections in liver transplant recipients; they account for up to one quarter of IFIs. 26 Aspergillus spp are airborne in all environments, both inside and outside the hospital. The inhalation of airborne spores results in pulmonary infection, with extrapulmonary dissemination to the central nervous system (CNS) and virtually any other organ. 17 Nevertheless, only a few species cause illness in humans; the individual's immunological status and pulmonary condition determine the disease pattern. The diagnosis of aspergillosis can be elusive because the fungus is very difficult to isolate and symptoms and signs are not specific. Surgical and medical improvements have not been associated with a decrease in the frequency of invasive aspergillosis, 3 and the invasive aspergillosis-related mortality rate for these patients exceeds 90%. 51 Many risk factors for invasive aspergillosis have been studied, including renal insufficiency, dialysis, retransplantation, 12 CMV infection, thrombocytopenia, leukocytopenia, 2 repeated bacterial infections, allograft dysfunction, 18 preoperative ICU stay, preoperative steroid administration, 16 fulminant hepatic failure, 15 the presence of Aspergillus antigenemia, 19 laparotomies, and the use of OKT3 monoclonal antibody. 52 Additionally, the severe immunosuppression conditions caused by anti-rejection drugs in liver transplant patients contribute to invasive Aspergillus infections. 6, 26 The identification of potential risk factors may reduce the morbidity and mortality rates of invasive aspergillosis. Unfortunately, except for patients with acute fulminant failure before transplantation, patients at risk (e.g., those who are severely immunocompromised) are difficult to identify. Antifungal therapy should be instituted upon any clinical suspicion of aspergillosis without waiting for microbiology results. Linden et al. reported that first-line or early salvage for invasive aspergillosis with appropriate amphotericin B lipid complex, particularly at doses of 1.0 mg/kg daily, reduced mortality and improved survival. 53 Voriconazole, which should be available in the near future, could also be an alternative, but further research is needed. To evaluate the efficacy and safety of voriconazole in acute invasive aspergillosis, Denning et al. treated invasive aspergillosis patients with intravenously administered voriconazole 6 mg/kg twice daily, then 3 mg/kg three times daily for 6-27 days, followed by 200 mg twice daily, administered orally for up to 24 weeks. They reported a good response, proving that voriconazole is efficacious in treating acute invasive aspergillosis. 54 For severely immunocompromised patients after liver transplantation, we recommend an enhanced level of suspicion for IFI development and a prompt and aggressive search for the infection. 26 
Cryptococcus neoformans infection
Cryptococcosis is the third most common IFI in liver transplant recipients. C. neoformans is a ubiquitous saprophytic fungus with worldwide distribution. It is found in nature primarily in bird excrement, but non-avian sources have also been described. 55 The organism is tropic to the CNS and is the most common cause of meningitis in transplant recipients. 17, 55 Cryptococcosis is thought to result from the failure of the host's defenses to contain the organism after inhaling aerosolized spores from an environmental source, and it manifests as symptomatic pneumonia or asymptomatic infection. 55 The median time before disease onset usually ranges from 16 to 21 months after transplantation. [55] [56] [57] The major C. neoformans infection sites in organ transplant recipients include the CNS and lungs, but this microorganism can also infect other organs and disseminate to multiple sites. CNS involvement and disseminated infections (involvement of two or more sites) have been documented in 52-61% of patients. 58 Recently, a longitudinal study of cryptococcosis in adult solid-organ transplant recipients suggested that cryptococcal infection occurs in 12 cases per 1000 transplant recipients. Symptoms emerged a mean of 30 months after transplantation. Clinical manifestations of infection included pneumonia only (46%), meningitis only (36%), dissemination to multiple distant organs (11%), or involvement of another single organ (e.g., lymph node) (7%). Cryptococcosis-associated mortality was 25%. 59 The liver transplant patients most at risk for Cryptococcus infection are those who are severely immunosuppressed, which can contribute to a high level of CMV replication. In fact, CMV can increase not only the risk of Cryptococcus infection, but also the risk of Aspergillus and Candida infection. 15, 26 Culture detection is necessary to diagnose cryptococcosis; however, a negative culture does not rule out cryptococcosis because small numbers of the organism may be present in the patient's cerebrospinal fluid (CSF) and in other clinical samples, or the cultured organism may not grow. Although serum cryptococcal antigen is helpful for diagnosing meningitis or disseminated disease, its sensitivity in patients with pneumonia is only about 40%. 17 Microbiological surveillance and CMV disease prevention are necessary to inhibit disease progress. Guidelines for cryptococcal disease management in solid-organ transplant recipients have been published by the IDSA. 60 Once diagnosed, cryptococcal meningitis is treated with a combination of liposomal amphotericin B or amphotericin B lipid complex and flucytosine (5-FC) for at least 2 weeks for the induction regimen, followed by fluconazole for 8 weeks for consolidation therapy, and fluconazole for 6-12 months for maintenance treatment.
Histoplasma capsulatum infection
H. capsulatum is endemic in the soil of the Ohio and Mississippi River Valleys and also prevalent in certain areas of South America, where it triggers several hundred thousand new infections each year. 61, 62 The opportunistic dimorphic fungus can switch from a filamentous spore-forming mold in the soil to a pathogenic budding-yeast form in the human host, while inhalation of fungal conidia frequently results in subclinical infection or mild pulmonary illness in the normal human host. 63, 64 Disseminated histoplasmosis most likely results from primary or secondary exposure or reactivation of latent disease usually induced by immunosuppressive therapy. 65 The incidence of histoplasmosis among liver transplant recipients is estimated to be low, with only a few case series. 22, [65] [66] [67] The first case report of disseminated histoplasmosis after OLT was reported by Shallot et al. in the USA. 61 Following this report, the incidence of post-transplant histoplasmosis has gradually increased over the years. The clinical features of disseminated histoplasmosis in liver transplant recipients are nonspecific and similar to many other disseminated infections, and consist primarily of fever, cough, shortness of breath, and malaise or fatigue, usually resulting in a self-limited or latent disease. 68 Botterel et al. found evidence of disseminated histoplasmosis in the lungs, digestive tract, spleen, adrenal glands, and mesenteric lymph nodes at the time of autopsy in a liver transplant recipient initially presenting with respiratory failure and shock. 65 A diagnosis of proven post-transplantation histoplasmosis is established with culture, including blood cultures and bone marrow aspiration, as well as biopsy cultures from possibly affected organs, or histopathology. However, other tests, such as the Histoplasma urine antigen test or the Histoplasma serological test, may provide more rapid results. Many previous studies have reported that the sensitivity of the Histoplasma urine antigen test for the diagnosis of disseminated disease is approximately 90% for the immunocompromised patient. 69 A recent study in solid organ transplant recipients demonstrated that 69% were positive by Histoplasma urine antigen test and 33% were positive by Histoplasma serological test . 22 Disseminated histoplasmosis is a potentially lethal event but is relatively uncommon among liver transplant recipients. Because timely diagnosis may be aided by the use of urinary and serum Histoplasma antigen tests and by aggressive bronchoscopic evaluation of lesions seen on a CT scan of the chest, with appropriate treatment, the prognosis appears to be good. 22 According to the IDSA guidelines for the management of histoplasmosis, the therapy of histoplasmosis in general should start with liposomal amphotericin B. Studies have shown this to cure histoplasmosis more often than itraconazole. However, with a favorable course, therapy can later be switched to oral itraconazole in many cases. 64, 70 The duration of treatment varies from 12 weeks for acute disease to more than 12 months for progressive disseminated disease. Blood and urine antigenemia can be used for monitoring, especially after the end of therapy, which often lasts a year, since disease can recur. However, treatment should also be individualized on the basis of diagnosis, the state of immunosuppression, and potential consequences of diseases (e.g., CNS). 64 As antifungal prophylaxis evolves over time, to reduce IFI complications after liver transplantation, we should continue to pay attention to the regional epidemiology of histoplasmosis. 22 
Conclusions
Given the increased risk and poor outcomes in liver transplant recipients who develop fungal infections, early diagnosis and aggressive antifungal prophylaxis should be considered upfront in high-risk patients. The early identification of patients at high risk of developing fungal infections may improve outcomes. Further research is needed to determine the benefits of new molecular and immunological diagnostic assays. Concerns about identifying high risk transplant recipients and selecting appropriate antifungal
